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Introduction
The Greenland Ice Sheet (GrIS) is the largest ice reservoir in the Arctic containing the equivalent of c. 7 m of global sea level and numerical modeling suggests the GrIS could contribute >0.5 m of global sea level rise by A.D. 2100 (Gregory et al., 2004; Pfeffer et al., 2008) . The large volumes of icebergs and meltwater delivered from the GrIS can produce major changes in ocean circulation, ecosystems and, ultimately, affect climate (McManus et al., 2004; Christoffersen and Hambrey, 2006; Raiswell et al., 2006) . Direct observations of the GrIS have revealed rapid changes in mass balance on sub-decadal time scales in response to changing climate forcing (Joughin et al., 2004; Rignot and Kanagaratnam, 2006; Howat et al., 2007; Holland et al., 2008; Nick et al., 2009; Straneo et al., 2013; Khan et al., 2015) . However, the drivers and mechanisms of longer-term, climatic changes to polar ice sheets are less well understood.
At the end of the Last Glacial Maximum (LGM) the GrIS extended onto the continental shelf of Greenland (Roberts et al., 2010; Funder et al., 2011; O Cofaigh et al., 2013) . Evidence from periglacial features, sedimentary archives, fossil foraminifera assemblages and d 18 O records from benthic foraminifera suggest that the ice margin in West Greenland underwent numerous, extensive advances and retreats due to fluctuations in atmospheric and ocean temperatures during the LGM/Holocene transition and within the Holocene (Long et al., 2006; Young et al., 2011 Young et al., , 2013 Lane et al., 2014) . In this paper we explore the duration and amplitude of these ice sheet fluctuations using nearshore sedimentary sequences where coupled sedimentological and geochemical studies can potentially elucidate ice sheet response to centennial and millennial-scale climatic forcings. In particular, we present osmium isotopic data from three sediment cores from the western Greenland margin that document rapid responses of the ice sheet to changing climate through the Holocene.
Radiogenic isotopes have previously been employed to assess large-scale variations in continental weathering rates related to glacial-interglacial cycles (e.g. Farmer et al., 2003; Colville et al., 2011) . The Sr-Nd-Pb isotope systems have been used to evaluate changes in seawater chemistry during Pleistocene glacialinterglacial periods and shown to respond to fluctuations in ice sheet mass (Blum and Erel, 1995; Farmer et al., 2003; Colville et al., 2011; Flowerdew et al., 2013; Jonkers et al., 2015) . Osmium (Os) isotopes ( 187 Os/ 188 Os) have also been used to understand the interplay between silicate weathering, and palaeoceanographic processes during the Pleistocene glacial-interglacial cycles, Late Ordovician and Neoproterozoic glacial events (Oxburgh, 1998; Peucker-Ehrenbrink and Ravizza, 2000; Williams and Turekian, 2004; Dalai et al., 2005; Dalai and Ravizza, 2006; Oxburgh et al., 2007; Paquay et al., 2009; Burton et al., 2010; Finlay et al., 2010; Paquay and Ravizza, 2012; Rooney et al., 2014) .
For the Pleistocene glacial-interglacial cycles Os isotope data from global sites display heterogeneous profiles, which are interpreted to reflect changes in the local Os seawater composition of individual basins resulting from greater oceanographic restriction rather than changes in silicate weathering rates across the glacialinterglacial periods (Paquay and Ravizza, 2012) . A similar oceanographic control on seawater 187 Os/ 188 Os compositions is observed for global sites during the ice-free Cretaceous world (c. 94 Ma, Du Vivier et al., 2014 Vivier et al., , 2015 .
To help understand the complexities of palaeoceanography that potentially control the Os data shown for the Pleistocene glacialinterglacial cycles we investigate the use of Os isotopes to track Holocene variability of the GrIS in the Disko Bugt-Uummannaq region. This study focuses on three time-correlated sedimentary sequences: one proximal to the GrIS currently influenced by seasonal meltwater flux; one intermediate site mid-way across the continental shelf; and one in a distal setting beyond the continental shelf on the northern edge of the Labrador Sea (Fig. 1 ). All sites have been previously studied for their biostratigraphy, sedimentology and chronology (Lloyd et al., 2005; McCarthy, 2011; Knutz et al., 2011) , and are adjacent to ice sheet catchments with wellconstrained glacial histories. At the LGM the GrIS extended 300e400 km across the continental shelf in the Uummannaq e Disko Bugt region and was grounded at the shelf edge ( O Cofaigh et al., 2013; Jennings et al., 2014) . A combination of radiocarbon dating and cosmogenic radiogenic nuclide dating has been used to track ice retreat through the Uummannaq and Disko fjord systems (Lloyd et al., 2005; Young et al., 2013; O Cofaigh et al., 2013; Roberts et al., 2013; Lane et al., 2014) . By integrating the new Os isotope data with current palaeoceanographic model(s) we demonstrate the ability of Os to reconstruct ice sheet fluctuations, and that oceanographic setting critically controls the 187 Os/ 188 Os composition of the seawater.
Studied sites and sample material
The three study sites are located along a transect from proximal to distal in relation to the present day GrIS as follows: Core DA00-06 from a proximal setting <10 km from the mouth of Jakobshavn Isfjord within Disko Bugt; Core MSM-520 from an intermediary location c. 70 km northwest of the Nuussuaq Peninsula mid-way across the shelf within the Uummannaq fjord and; Core DA-04-31T from a distal location beyond the continental shelf c. 200 km southwest of Nuuk at the northern edge of the Labrador Sea ( Fig. 1A, B ). Hypothetically these three cores should record changing Os isotopes in different environments relative to the ice margin as all three regions are at the convergence of multiple water masses ( Fig. 1 ) and are sourcing Os from highly variable bedrock lithologies (Table 1; Fig. 2 ). In addition, we have sampled bedrock, other surface sediments, and algae for comparison to nearby source regions and far field areas not affected by the GrIS.
Core DA00-06
This is a 960 cm long piston core collected from a water depth of 363 m by the R/V Dana in 2000 (Table 2 ). This core spans c. 9.0 ka based on six Accelerator Mass Spectrometry (AMS) radiocarbon dates and records deposition proximal to the mouth of the Jakobshavn Isbrae in Disko Bugt (Lloyd et al., 2005; Hogan et al., 2011, Table 2 ). Sediments comprise blue-grey silty organic matterbearing clay with occasional ice rafted clasts from the base of the core up to 100 cm where there is a transition to a clast dominated organic matter-bearing sandy silt to the top of the core (Lloyd et al., 2005) . The lithology and biostratigraphy are interpreted to document the retreat of Jakobshavn Isbrae across inner Disko Bugt and into Jakobshavn Isfjord. High sedimentation rates in the lower section of the core (13.8 mm a À1 ) and a predominance of glaciomarine benthic foramininferal fauna are suggestive of a still-stand in retreat as the ice stream was pinned on the sill of Jakobshavn Isfjord from 9.0 to 7.6 ka cal. BP (Fig. 3A; Lloyd et al., 2005) . After c. 7.6 ka the ice stream retreated into the main fjord system and sedimentation rates fell to 0.24 mm a À1 for the upper 100 cm of the core with an Atlantic water influenced benthic foraminiferal assemblage dominating (Fig. 3A ). This switch in fauna is indicative of increasing influence of the relatively warm and saline West Greenland Current at the core site from c. 7.6 ka (Lloyd et al., 2005) . A radiocarbon date of 9.0 ka cal. BP from near the base of the core provides a minimum age constraint for deglaciation in this region of Disko Bugt (Lloyd et al., 2005) .
Core MSM-520
This 1200 cm gravity core was recovered from a water depth of 545 m during a cruise of the R/V Maria S Merian in 2007. The core records sedimentation over the last c. 11 ka based on 10 AMS radiocarbon dates (McCarthy, 2011;  Tables 2 and 3 ). The sediments from the lower section of the core (from 990 to 879 cm) are composed of rigid, blue-grey, silty organic matter-bearing clay with abundant coarse clasts. From 879 cm there is a transition to softer more clay rich sediments with scattered ice rafted clasts through the rest of the core (McCarthy, 2011) . Based on the sedimentology and benthic foraminiferal assemblage the lower section of the core from 990 to 879 cm has been interpreted as a subglacial till (very stiff diamicton with no foraminifera). Towards the top of this unit and at the transition to the overlying sediments benthic foraminifera are initially dominated by typical glaciomarine species (e.g., Elphidium excavatum f. clavata, Cassidulina reniforme). The sedimentological and biostratigraphy data delineate the broad timing of the retreat of the ice stream through Uummannaq fjord with the core site being deglaciated by a minimum of 10.8 ka cal. BP (McCarthy, 2011) . The benthic foraminiferal fauna record a gradual transition to a more distal glaciomarine environment by 8 ka cal. BP with the appearance of Atlantic water influenced species (e.g. Adercotryma glomerata, Saccammina difflugiformis) (McCarthy, 2011) , indicating the increasing influence of the West Greenland Current at the core site (Fig. 3B ). The biostratigraphy coupled with cosmogenic exposure ages from the Uummannaq Fjord region suggest that the ice streams had retreated to the near present-day location by c. 11e10 ka (Roberts et al., 2013; Lane et al., 2014) . In summary, the sediments of core MSM-520 represent a more distal setting to the modern ice front in comparison to core DA00-06.
Core DA-04-31T
This core is a 78 cm long trigger core collected from a water depth of 2525 m during a cruise of the R/V Dana in 2004, adjacent to a longer piston core (878 cm long). The chronology of the main piston core was based on 12 AMS radiocarbon dates (Knutz et al., 2011) . Lithostratigraphic correlations between the trigger core and piston core indicate that the trigger core (78 cm) records sedimentation over the past c. 11 ka. Whilst this is not as accurate as the age models for the other cores it does provide strong support for the interpretation that DA-04-31T records sedimentation over the Holocene epoch. The sediments of the trigger core are composed of brown to grey silty organic matter-bearing clay with rare ice rafted clasts. The trigger core represents sedimentation in an open ocean setting, significantly beyond the continental shelf and direct influence from grounded ice. Knutz et al. (2011) identify a decreasing influence of meltwater from the retreating GrIS from c. 11e9 ka. From c. 9 ka the core site is more strongly influenced by a branch of the West Greenland Current that flows westward across the Davis Strait along the northern edge of the Labrador Sea (Knutz et al., 2011) .
Surface sediments and algae from near Greenland
Four surface sediment samples from 5 cm below the seafloor were selected from locations in the Disko Bugt e Uummannaq area to characterize the modern-day seawater Os composition (MSM-340; 380; 540 and Site 4; Fig. 1B ). All surface sediment samples were composed of brown to grey silty organic matter-bearing clay with occasional ice rafted clasts. Three brown macro-algae (seaweed) were obtained for Os isotope analysis from the coastal regions of Qeqertarsuaq (Ascopyllum nodosum), Vaigat (Laminaria digitata) and Karrat (Fucus distichus) fjords to complement the surface sediment samples ( Fig. 1A) .
Surface sediments and algae from far-field sites
To provide insight into the Os composition of the Holocene ocean for sediments deposited in non-glacial settings we also present data from the Laccadive Sea (core SO93, water depth of 1688 m, 140 miles southwest of Sri Lanka and India), Mentawai Strait (core SO189, water depth of 571 m, 20 miles off the coast of West Sumatra), and the Pacific Ocean (core SO161, water depth of 1001 m, 45 miles off the coast of Chile; Table 1 ). Lastly, we include data for three Sargassum seaweed samples collected from surface waters between 26 and 28 N and 87 and 89 W in the Gulf of Mexico (Table 1) .
Greenland bedrock
Samples representative of the most common bedrock lithologies in the Disko Bugt e Uummannaq region were analyzed for their Re and Os elemental abundances and isotopic compositions in order to trace the sources of Os that determine the isotopic signal of seawater at the core sites ( Fig. 1A ). These lithologies are as follows; Archean tonalitic orthogneiss sampled from the island of Salliaruseq Storøen (70 40 0 05 00 N, 51 33 0 08 00 W), and Paleoproterozoic metagreywacke from the Nûkavsak Formation (71 31 0 18 00 N, 52 57 0 32 00 W) of the Karrat Group. A sample of basalt was taken from the Vaigat Formation on the Svartenhuk peninsula (71 31 0 10 00 N, 55 17 0 29 00 W).
Methods

TOC and ReeOs analytical protocols
Bedrock samples were cut and polished to remove any saw markings and together with soft sediment from sampled cores, dried at 60 C for 48 h. Seaweed samples were rinsed with milliQ and dried at 60 C for 24 h. Approximately 30e50 g for each rock or sediment sample was powdered in a Zirconia ceramic dish using a shatterbox to a fine (~30 mm) powder. For seaweed, a frond was ground in agate to a fine powder (~100 mm).
Powdered core samples were analyzed for weight percent concentration of total carbon (TC) by combustion at 950 C in a stream of O 2 , and total inorganic carbon (TIC) by acidification with 10% phosphoric acid. Sample carbon converted to CO 2 by each preparation method is quantified by coulometric titration (Huffman, 1977; Engleman et al., 1985) . Analysis of standards and replicates indicates average uncertainty less than ±1%. Total organic carbon (TOC) is calculated as the difference between wt% TC and TIC. The TIC value is converted to wt% calcium carbonate by stoichiometric calculation (wt% TIC Â 8.333), which assumes negligible quantities of inorganic carbon present as minerals other than calcium carbonate.
Rhenium and osmium abundances and isotope compositions were determined using isotope dilution negative thermal ionization mass spectrometry at the Durham University Laboratory for Source Rock and Sulfide Geochronology and Geochemistry using carius-tube digestion with solvent extraction, micro-distillation, and anion chromatography methods (Selby and Creaser, 2003; Cumming et al., 2013; Prouty et al., 2014) .
In addition to being siderophilic and chalcophilic, Re and Os are organophilic. Rhenium and osmium in the water column are complexed to organic matter and with burial become preserved in organic-rich sediments (Ravizza and Turekian, 1989) . In organic matter the Re and Os are predominantly bound to the kerogen fraction (Rooney et al., 2012) . This study utilized the Cr VI O 3 e 4 N H 2 SO 4 digestion technique, which has been shown to significantly limit the contribution of detrital Re and Os even in low TOC, and Re and Os bearing organic-rich rocks (e.g., Selby and Creaser, 2003; Kendall et al., 2004; Rooney et al., 2011; Kendall et al., 2013) . Accurate and precise depositional ReeOs age determinations and Os isotope compositions of the water column contemporaneous with sediment deposition have been obtained from sedimentary rocks with as little as 0.5 wt% TOC, but also as low as 0.1 wt% TOC (Rooney et al., 2011 Harris et al., 2013; Selby et al., 2007; Kendall et al., 2013; Du Vivier et al., 2014 Rooney et al., 2014; Sperling et al., 2014) . Average TOC values of the sample sets of this study are as follows: 0.27 wt% for core DA00-06; 1.25 wt% for core MSM-520; and 0.22 wt% for core DA-04-31T (Table 4) . These values are higher than the average of 0.1 wt% reported by Sperling et al. (2014) suggesting that the ReeOs data presented here (generated using Seawater avge. For all samples between 0.2 and 1.6 g of powder was digested in a carius-tube with a known amount of a 185 Ree 190 Os tracer solution with an acid medium (8 mL of 0.25 g/g Cr VI O 3 e4 N H 2 SO 4 for sediments; 9 mL of 1:2 mix of 11 N HCl: 15.5 N HNO 3 for bedrock and seaweed samples) at 220 C for 48 h. Osmium was isolated and purified from the acid medium using CHCl 3 solvent extraction into HBr, and then micro-distillation. Rhenium was isolated and purified using NaOHeC 3 H 6 O solvent extraction and anion chromatography. The isolated Re and Os fractions were loaded onto Ni and Pt filaments respectively, for their isotopic composition determination using a ThermoElectron TRITON mass spectrometer. Rhenium and Os isotope compositions were obtained using Faraday collectors and the secondary electron multiplier, respectively. Full analytical procedural blanks for this study are 13.2 ± 0.1 pg for Re; 0.13 ± 0.13 pg for Os with an 187 Os/ 188 Os of 0.264 ± 0.456 (1SD, n ¼ 2 for Cr VI O 3 eH 2 SO 4 ), and 1.7 ± 0.04 pg for Re; 0.13 ± 0.08 pg for Os with an 187 Os/ 188 Os of 0.410 ± 0.509 (1SD, n ¼ 2 for HCl:HNO 3 ). Calculated uncertainties include those associated with mass spectrometer measurements, blank abundance and composition, reproducibility of standard Re and Os isotope values and spike calibration. In-house standard solutions of Re and Os (DROsS) yield an average 185 Re/ 187 Re value of 0.59806 ± 0.00144 (1SD, n ¼ 257), and 187 Os/ 188 Os of 0.10693 ± 0.000041 (1SD, n ¼ 178), respectively, which is identical, within uncertainty to the previously published values (Nowell et al., 2008; Rooney et al., 2010) . Based on the reproducibility of an organic-rich sedimentary reference sample, SDO-1, we consider only variations in 187 Os/ 188 Os ! 0.04 between samples to be related to geological processes (Du Vivier et al., 2014 .
Results
Total organic carbon, and Rhenium and Osmium abundances
All Holocene sediments analyzed in this study are characterized as organic-bearing silty-clay. Total organic carbon (Table 4 ) values for all samples from the DA-04-31T core are variable, ranging from a low of 0.07 wt% at the base of the core to the highest value at the core top of 0.35 wt%. The average TOC value for all samples from the MSM-520 core is 1.25 ± 0.26 (1SD) wt%, ranging from 0.86 to 1.63 wt%. Values tend to increase up core. For DA00-06 TOC values are very low for the lower section of the core (ranging from 0.02 to 0.16 wt% from 940 to 150 cm). Values then increase to 0.31e0.81 wt % from 110 to 10 cm (Table 4 ). Two surface sediment spot samples have values of 0.14 (Site 4) and 1.77 (MSM-340) wt% TOC (Table 1) . Total organic carbon for open ocean samples have similar to slightly higher abundances (TOC ¼ 1.5 to 3.2 wt%; Table 1 ).
Rhenium and osmium elemental abundances of all Holocene organic-bearing sedimentary samples of this study range between 0.4 and 25.7 ng/g for Re, and 36.5 and 353.5 pg/g for Os. The crustal lithologies gneiss, metagreywacke, and basalt have abundances of 0.004, 0.035, and 0.2 ng/g Re, and c. 6, 1.6 and 19 pg/g Os, respectively. The seaweed samples contain between 1.3 and 22.0 ng/g Re and 12.6e14.1 pg/g Os, respectively. Core DA04-31T records relatively constant 187 Os/ 188 Os compositions (1.02 ± 0.12; 1SD, n ¼ 8) throughout the core (Fig. 3C) . Core MSM-520 shows a more constant trend to less radiogenic 187 Os/ 188 Os compositions, decreasing from 1.35 to 0.81 through the interval c. 11 to 0.3 ka cal. BP (Fig. 3B) . Core DA00-06 records the 55 (Fig. 3A) .
Discussion
Consistent records of Os composition in far field sites
The canonical value of present day oceanic 187 Os/ 188 Os value of 1.06 (1.04 for the North Atlantic and Central Pacific; 1.06 for the Eastern Pacific and Indian Ocean) was from direct analyses of seawater and scrapings of hydrogenetic FeeMn crusts (Peucker-Ehrenbrink and Ravizza, 2012 and references therein; Gannoun and Burton, 2014 and references therein) . The 187 Os/ 188 Os values from our surface sediment samples from three non-glacially influenced ocean sites show similar values (Laccadive Sea, 1.06; Mentawai Strait, 1.02; Pacific Ocean, 1.05; Table 1 ). From these same sites, samples taken at c. 10 ka have identical Os values, within uncertainty, to those at the surface (Fig. 2 ). This indicates that in farfield sites, seawater Os compositions are stable over kyr timescales and are reliably recorded in surface sediments. We also note that the 187 Os/ 188 Os composition for three open-ocean floating seaweeds from the Gulf of Mexico (1.05 ± 0.01; Table 1 ; Fig. 2) , are identical, within uncertainty of published values, indicating that seaweed directly records the Os isotope composition of seawater.
Surface sediments in near-field sites
In comparison to the far field sites, surface sediment samples from four sites within the Disko Bugt e Uummannaq region possess highly variable 187 Os/ 188 Os compositions (0.48e2.62; Table 1 ; Fig. 2 ). Surface samples from MSM-540 (100 km west of Disko Island) and MSM-340 (80 km south-west of Disko Bugt), and seaweed from Qeqertarsuaq and Vaigat possess 187 Os/ 188 Os values close to open ocean seawater (0.98 ± 0.01; 1.13 ± 0.01, 0.96 ± 0.13; 0.91 ± 0.11, respectively; Table 1 ). In contrast, surface samples from Site 4, the most proximal location to the Jakoshavn Isbrae, MSM-380 (proximal to Disko Island and Nuussuaq which are comprised solely of Paleocene tholeiitic and picritic lavas), and seaweed from the mid-point of Karrat Fjord (adjacent to Karrat Group metasediments) have markedly different 187 Os/ 188 Os values (2.62 ± 0.05, 0.50 ± 0.03, 1.89 ± 0.24, respectively; Table 1 ).
As such, these 187 Os/ 188 Os data indicate that the Os isotope composition of sediments and seaweed from more proximal coastal areas and more distal ocean areas are strongly controlled by regional variations in the Os flux into the ocean; a conclusion consistent with previous Os isotope studies of glacially-influenced marine strata (Paquay and Ravizza, 2012) . Further, the marine residence time of Os, that is, the amount of Os dissolved in seawater divided by the sum of input and output fluxes, in these regions will be considerably shorter than the canonical value of c. 10 4 yr.
Site 4 has an 187 Os/ 188 Os value similar to the sampled Archean gneiss (2.62 vs. 2.82), which is the predominant bedrock source of Os from Jakoshavn Isbrae. In contrast, the surface sample from MSM-380 has an 187 Os/ 188 Os composition (0.49) that is less radiogenic than determined for our basalt sample (c. 1.3), which is from the southwest coast of Svartenhuk. However, picrites from Disko Island typically have 187 Os/ 188 Os values of c. 0.13e0.14, and elevated Re and Os elemental abundances (up to 0.8 and 3.4 ng/g, respectively), which suggest the magma originated from a relatively uncontaminated mantle source (e.g., Schaefer et al., 2000) . As such, the present day seawater Os value recorded at MSM-380 may represent Os sourced from the unradiogenic Os-bearing Paleocene ultramafic-mafic units of Disko Island and Nuussuaq, and radiogenic Os from the mainland gneiss. Our basalt ReeOs data is supportive of previous models suggesting that parts of the Paleocene magma system assimilated local Cretaceous sediments during eruptions (Goodrich and Patchett, 1991; Ulff-Møller, 1990; Schaefer et al., 2000) , which we further demonstrate here using Os isotopes (Table 1) . Lastly, seaweed from Karrat Fjord is significantly more radiogenic than the Karrat Group metagreywacke ( 187 Os/ 188 Os ¼ 1.89 and 0.44, respectively), suggesting a strong flux of Os from the Archean gneiss in the Karrat Fjord.
Variations in the general pattern of 187 Os/ 188 Os values between core sites reflect site proximity to differing sources of Os. Sediment from core DA00-06 (a proximal location to Jakobshavn Isbrae and in a region Archean gneiss with a modern-day 187 Os/ 188 Os value of 2.82) is more radiogenic on average than sediments from the MSM-520 core (0.73e1.35) and DA-04-31T core (0.84e1.19). In contrast, values from the far-field core DA04-31T are very similar to background open ocean values ( 187 Os/ 188 Os ¼ 1.06). The moderately radiogenic Os isotope values from core MSM-520 most likely reflect the abundance of relatively unradiogenic bedrock in the catchment area (a 187 Os/ 188 Os value of 0.44 from the Paleoproterozoic metagreywacke and c. 1.3 from the Paleocene basalt).
Tracking GrIS advance and retreats using seawater Os isotope composition
Trends in Os isotopes at near-ice sites can be compared to their known glacial histories. At the LGM the GrIS extended 300e400 km across the continental shelf in the Disko Bugt e Uummannaq region and was grounded at the shelf edge ( O Cofaigh et al., 2013; Jennings et al., 2014) . Radiocarbon dated sediment cores indicate that the western ice margin retreated asynchronously from the shelf edge in the Uummannaq fjord area compared to Disko Bugt. The ice sheet began retreating from the Uummannaq fjord area c. 14.8 ka (Jennings et al., 2014) . The retreat can then be traced using cosmogenic radiogenic nuclide dating to Ubekendt Ejland within the main part of Uummannaq fjord by 12.4 ka cal. BP, with rapid disintegration and retreat of the ice margin into the inner fjord by c. 11e8.7 ka (Roberts et al., 2013) .
The Os isotope record for core MSM-520 records a steady decrease in Os values ( 187 Os/ 188 Os ¼ 1.35e0.81) from 9 to 0 ka. These generally less radiogenic Os values suggest a stronger influence of Os from the surrounding basaltic Paleocene lava flows and Paleoproterozoic metasediments ( 187 Os/ 188 Os values of 1.31 and 0.44, respectively, Table 1 ) and also from less radiogenic open ocean sources ( 187 Os/ 188 Os values of 1.06). The most radiogenic Os values come from the base of MSM-520 at c. 11 ka ( 187 Os/ 188 Os ¼ 1.35, Fig. 3B ). This section of the core is dominated by a glaciomarine foraminiferal fauna and is deposited just above sediment interpreted as a subglacial till (McCarthy, 2011) . Taken together, these results indicate that seawater in the Uummannaq Fjord system was influenced predominantly by the input of glacially eroded material from a proximal calving margin. The steady decline in 187 Os/ 188 Os values (1.35e0.81; Fig. 3B ) up-core in MSM-520 is interpreted to be a consequence of the rapidly retreating Uummannaq ice stream reducing the influence of radiogenic, continentally-sourced Os reaching this location. This interpretation agrees with sedimentology and foraminiferal biostratigraphy from MSM-520 (McCarthy, 2011) and ice stream reconstructions from cosmogenic radionuclide dating of the surrounding area which clearly show ice retreat to the inner shelf/coastal fjords by c. 11 ka (Roberts et al., 2013; Lane et al., 2014) . Furthermore, by c. 8 ka the increase in abundance of Atlantic water foraminifera indicates a well-established West Greenland Current implying that water masses in the Uummannaq Fjord system were connected to the open ocean, and that sediment flux from the ice margin had declined considerably (McCarthy, 2011) . As such, the steady decrease in Os values through core MSM-520 also suggest a decrease in glacially eroded radiogenic material during the Holocene that we interpret to be related to the retreat of the calving ice margin (Fig. 3B) . From c. 6 ka foraminifera data suggest that a modern oceanographic circulation pattern had began to dominate in the Disko Bugt e Uummannaq fjord area (Perner et al., 2013) . Closely matching this interpretation are the extremely similar 187 Os/ 188 Os compositions (0.83 ± 0.03) from 4.4 ka cal. BP to the core top. The slightly less radiogenic compositions of these upper core samples is likely related to an increase in the flux of unradiogenic Os from the Paleocene lavas, which dominate the coastline.
In the Disko Bugt region, retreat from the shelf edge started slightly later than at Uummannaq, beginning at 13.8 ka cal. BP ( O Cofaigh et al., 2013) . This ice margin retreated across the shelf to a position just west of the entrance to Disko Bugt by c. 12.0 ka, with evidence for a minor advance followed by rapid retreat during the Younger Dryas ( O Cofaigh et al., 2013) . The ice margin then retreated through Disko Bugt reaching the inner bay by 10.2 ka cal. BP followed by marked standstills at 9.3 and 8.2 ka cal. BP. The ice reached the present day ice margin by 7.6e6.5 ka cal. BP (Lloyd et al., 2005; Long et al., 2006; Hogan et al., 2011) .
Sediment from core DA00-06 (a proximal location to Jakobshavn Isbrae and in a region dominated by Archean gneiss with a modernday 187 Os/ 188 Os value of 2.82; Figs. 1A and 2) is more radiogenic on average than sediments from the MSM-520 core (0.73e1.35) and DA-04-31T core (0.84e1.19). Furthermore, given the proximity of DA00-06 to Jakobshavn Isbrae and this relatively restricted embayment we suggest that the Os residence time in this area of West Greenland is considerably shorter than that of the open-ocean value (10 3 vs. 10 4 yr). As a result of this shortened residence time, the Os isotope profile of core DA00-06 will record changes in Os isotope composition with a delay of c. 500e1000 yr. Values from core DA04-31T are very similar to background open-ocean values ( 187 Os/ 188 Os ¼ 1.06) suggesting this site was not affected by Holocene variations in ice sheet advance and retreat and that the residence time of Os is similar to the open ocean canonical c. 10 4 yr. However, there are trends that can be identified from the two glacial proximal cores reflecting changes in sources and delivery of Os through the Holocene connected to the advance and retreat of the GrIS.
At present, core site DA00-06 is proximal to the calving margin of Jakobshavn Isbrae, a major ice stream draining the GrIS, and the core sediments are strongly influenced by radiogenic meltwater from the ice sheet. The basal section of core DA00-06 (960e120 cm) records a brief (<2000 years) interval of rapid sedimentation (13.8 mm a À1 ) from Jakobshavn Isbrae when it was grounded at the mouth of Jakobshavn Isfjord (Lloyd et al., 2005) . In general, as the 187 Os/ 188 Os values through this core are relatively high (1.34e2.41), we surmise that this reflects a dominant influence of meltwater carrying glacially eroded rock flour from the highly radiogenic Archean gneiss typical for this region (c. 2800 Ma gneiss 187 Os/ 188 Os ¼ 2.82; Table 1 ). However, upon closer examination of the core, four zones of varying Os isotopes can be identified (Fig. 3A ; Table 4 ). The extremely radiogenic Os values ( 187 Os/ 188 Os ¼ 2.41, 2.29, 2.22) of Zone 1 (9.0e8.0 ka cal. BP) reflect the strong influence of sediment-laden meltwater sourced from the proximally grounded Jakobshavn Isbrae. This agrees with the sedimentology and benthic foraminiferal assemblage; glaciomarine fauna ( Fig. 3A) such as E. excavatum f. clavata, C. reniforme and Stainforthia feylingi (Lloyd et al., 2005) . We hypothesize this highly radiogenic Os signal from Zone 1 is indicative of an Os flux sourced from Archean crustal rocks when the ice stream calving margin stabilised and re-advanced at the mouth of the Isfjord between c. 10.3 and 8.2 ka (Long and Roberts, 2003; Long et al., 2006; Young et al., 2013) . The markedly lower Os isotope values ( 187 Os/ 188 Os ¼ 1.68, 1.71, 1.66) of Zone 2 (8.0e7.78 ka cal. BP) are suggestive of a reduction in the flux of radiogenic rock flour to the core site. We suggest that this results from a reduction in meltwater derived glacial rock flour caused by ice margin retreat after the 8.2 ka re-advance event (Young et al., 2013) . However, the foraminiferal fauna do not show any major change; the assemblage is still dominated by proximal glaciomarine species. The decrease in Os could therefore be due to a subtle shift in sediment or meltwater flux that is not registered in the foraminifera fauna (Fig. 3A) . The increase in Os isotope values ( 187 Os/ 188 Os ¼ 2.06, 2.08, 2.02, 2.19) during Zone 3 (7.78e7.5 ka cal. BP) we suggest represents a return to conditions similar to Zone 1 e a finding also supported by the glaciomarine foraminifera assemblage. This increase in Os isotope values could result from greater sediment flux due to ice stream stabilization at the eastern end of the Isfjord, or a minor re-advance, but cosmogenic exposure ages suggest the ice was c. 25e30 km east of its 8.2 ka position by this time (Young et al., 2013) . The alternative explanation is either an increase in meltwater or ice rafted debris delivery to the core site, which could correlate with increased surface ablation, run-off and calving due to increased air temperatures during the Holocene Thermal Maximum (Carlson and Winsor, 2012) . There is an abrupt drop in 187 Os/ 188 Os values from 2.19 to 1.54 at the transition from Zone 3 to Zone 4 (Fig. 3A) . This final shift occurs at 7.5 ka cal. BP; Os values then remain less radiogenic through to the top of the core (112 cm). This coincides with a significant shift in foraminiferal fauna with relatively warmer Atlantic water fauna (indicating a stronger influence from the West Greenland Current) replacing the glaciomarine fauna (Fig. 3A) . This shift is likely to be a response to the retreat of the calving front to a distal location up to 20 km inboard of the present ice margin (i.e. Holocene minimum position; Funder et al., 2011; Hogan et al., 2011; Young et al., 2013) .
In summary, the pronounced decline in Os isotope values in core DA00-06 resulted from decreasing volumes of meltwater and glacially eroded rock flour as the calving margin of the Jakobshavn Isbrae retreated from the mouth of Jakobshavn Isfjord to its present day location c. 50 km further from the core site during the Holocene. The trends in the Os data demonstrate a nuanced pattern of ice margin retreat, re-advance and standstill, broadly correlative with recent onshore deglacial histories (Long et al., 2006; Young et al., 2013) . However, those trends contrast somewhat with offshore sedimentological and biostratigraphic evidence, which may not capture subtle shifts in sediment and meltwater flux (Lloyd et al., 2005) .
Core DA04-31T located c. 200 km southwest of Nuuk beyond the continental shelf (2525 m water depth) records open ocean sedimentation for the entire Holocene epoch (Knutz et al., 2011) . Samples throughout the core have broadly similar 187 Os/ 188 Os values (1.02 ± 0.12) with no discernable trend, indicating a minimal influence from the GrIS in contrast to cores MSM-520 and DA00-06. The DA04-31T core Os values are similar to values for other global sites and present day seawater, especially that of the North Atlantic (Paquay and Ravizza, 2012 and references therein; Gannoun and Burton, 2014 and references therein; Figs. 2 and 3C) . The small deviations ( 4%) from the canonical seawater 187 Os/ 188 Os value of 1.06 may relate to site-specific differences in oceanographic currents and relevant sources of Os (Paquay and Ravizza, 2012) .
The data presented here cover a geographical transect from proximal to distal glacial setting and also temporally from proximal to distal glaciomarine conditions linked to the retreat of major ice streams. We show that Os isotopic signatures can differentiate between proximal glaciomarine settings and more distal open ocean settings. We also show that the isotopic signature can identify shifts in the flux of radiogenic glacially-eroded material and can be used to interpret the relative advance and retreat of marine terminating ice stream margins.
Implications for seawater heterogeneity and ephemeral Os isotope compositions
Previous Os isotope studies tried to provide records of variations in the intensity of continental weathering on millennial timescales (Sharma et al., 1997; Levasseur et al., 1998; Woodhouse et al., 1999) . Integral to these studies is an accurate understanding of the marine residence time of Os. Constraining the residence time of Os in the oceans is challenging, primarily due to its extremely low abundance (c. 10 pg/kg; Gannoun and Burton, 2014) although it is thought to be an order of magnitude longer than the mixing time of the oceans, yet significantly shorter than Sr (c. 10 4 vs. 10 6 yr; cf. Oxburgh, 1998; Levasseur et al., 1999) . The shorter residence time estimates are supported by documented heterogeneities in the modern-day Os seawater composition (Peucker-Ehrenbrink and Ravizza, 2000; Chen and Sharma, 2009; Gannoun and Burton, 2014) . The diverse Os values of this study further demonstrate that seawater Os isotope composition is strongly controlled by the oceanographic setting (Paquay and Ravizza, 2012; Du Vivier et al., 2014 .
A lack of absolute constraints for the fluxes of Os from the mainland, Disko island, the volume (and seasonal volume changes) of water, salinity changes (thus likely changes in seasonal behaviour of Os), and sedimentation rates within Disko Bugt hinder attempts to generate a complete model of Os isotope variations for this region. However, the Os isotope data presented in Fig. 4 indicates that Os variations seen in the west Greenland samples can be partially explained as the result of physical mixing between different proportions of isotopically distinct lithogenic material. However, this can only explain mixing in the water column and cannot account for the biological uptake of Os (and Re) in macroalgae ( Fig. 4 ; Table 2 ). Surface sediment samples proximal to the west Greenland margin form a well defined physical mixing trend that is bounded by bedrock samples, especially if the high concentration and low 187 Os/ 188 Os picritic basalts reported by Schaefer et al. (2000) are included with the three bedrock lithologies investigated here (not shown on Fig. 4 ; Table 2) .
Core DA00-06 shows significant, rapid changes (c. 10 3 yr) in the Os composition of seawater. Previous estimates of the residence time of Os in seawater are significantly greater (e.g., !50 kyr; Oxburgh, 2001; Peucker-Ehrenbrink and Ravizza, 2012 and references therein) than the temporal changes observed here. During the Holocene epoch unradiogenic Os inputs directly from magmatic, hydrothermal and extra-terrestrial sources can be considered constant and thus the Os isotope compositions of the studied sites herein are explicitly modulated by silicate weathering of the continental lithologies by the GrIS as discussed above. To explain the rapid changes in Os isotope composition recorded in these samples the Os residence time must be on the order of c. 10 3 yr. To shorten the residence time inputs must be changing during deglacial/glacial events, and/or have changing Os isotope composition of the inputs (Oxburgh, 2001 ).
Conclusions
The Os isotope compositions presented here along with palaeoceanographic data demonstrate the ability to identify shifts in the flux of radiogenic glacially eroded material that can be used to track ice sheet advance and retreat patterns. Application of Os isotope stratigraphy in core DA00-06 reveals that the ocean e calving margin interface of the Jakobshavn Isbrae has a more complex history than was previously recorded by the biostratigraphy. Our Os isotope data yields four zones that mark oscillation of the Jakobshavn Isbrae calving margin during the Holocene that broadly correlate with the known deglacial history of the ice stream. These data highlight the potential for Os isotopic signatures to identify shifts in the flux of glacially derived material and ultimately better decode the dynamic behaviour of marine terminating ice streams at millennial timescales.
Our Os isotope values for three seaweeds from the Gulf of Mexico are identical, within uncertainty, of published seawater values, indicating that seaweed directly records the Os isotope composition of seawater. These novel isotope data yield insights into the complexation behaviour of Re and Os into organic matter and provide further context for the application of Re and Os as redox state tracers in ancient sedimentary successions. The Os isotopic profiles from the three cores presented here reveal that seawater Os composition is strongly controlled by the oceanographic setting in terms of the proximity to weathering sources and large-scale oceanic currents. Additionally, this study shows that ephemeral changes (c. be identified which has implications for our understanding of the residence time of Os in the modern ocean.
